Considering abundant experimental information of charmed mesons and the present research status, in this work we systematically study higher radial and orbital excitations in the charmed meson family by analyzing the mass spectrum and calculating their two-body OZI-allowed decay behaviors. This phenomenological analysis not only reveals underlying propertes of the newly observed charmed states D
These new observations and the present research status inspire us with great interest to carry out a systematical and phenomenological study of higher radial and orbital excitations in the charmed meson family, which helps us reveal the underlying properties of the observed charmed mesons and to provide abundant information for further experimental search for them.
Although there have been a couple of works studying the heavy-light systems including charmed mesons together with their decay modes [4] [5] [6] [7] [8] [9] [10] [11] , in this work we mainly focus on application of the modified Godfrey-Isgur model developed in Ref. [12] to calculate mass spectrum and decay behaviors of charmed mesons. This model is different from the Godfrey-Isgur model (GI) proposed in Ref. [13] . This work is a sequence of the modified Godfrey-Isgur model as an unquenched quark model [13] . This model includes a screening effect in order to reflect the phenomenon that a linear confinement term br can be screened or softened at large distances by virtual quark pairs and dynamical fermions [14, 15] , which is D * J (3000) 3008.1 ± 4.0 [3] 110.5 ± 11.5 [3] LHCb [3] Dπ [3] OZI-allowed decay of these discussed charmed mesons by the QPC model. This paper ends with a short summary in Sect. V.
II. STATUS OF THE OBSERVED CHARMED STATES
Before investigating the observed charmed mesons, we need to briefly review the research status of candidates of higher radial and orbital excitations of the charmed meson family, As the first observed P-wave charmed meson, D 1 (2420) was reported in the D * π invariant mass distribution by the AR-GUS Collaboration, where its measured mass and width are M = 2420±6 MeV and Γ = 70±21 MeV, respectively [23] . In 1989, the TPS Collaboration confirmed D 1 (2420) in its D * + π − decay channel [24] . According to this observed decay modes, its spin-parity quantum number is either J P = 1 + or J P = 2 + . Then, the analysis of the angular momentum from the AR-GUS Collaboration further shows that the observed D 1 (2420) has J P = 1 + [25] . Additionally, D 1 (2420) was confirmed by other experiments [2, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
The Belle Collaboration observed a broad state D 1 (2430) with mass M = 2427 ± 26 ± 20 ± 15MeV and width Γ = 384 +107 −75 ± 24 ± 70 MeV by analyzing the B → D * ππ process, where its spin-parity is determined as J P = 1 + from the helicity distributions [32] . In 2006, the BaBar Collaboration studied the D * π invariant mass spectrum, where D 1 (2430) was confirmed [38] .
Besides D 1 (2430), Belle announced the observation of another broad state D * 0 (2400), which has mass M = 2308 ± 17 ± 15 ± 28 MeV [32] . Here, the spin-parity quantum number was also measured as J P = 0 + [32] . D * 0 (2400) was confirmed by the FOCUS and BaBar Collaborations with M = 2403 ± 14 ± 35MeV [39] and M = 2297 ± 8 ± 5 ± 19MeV [40] , respectively. Since different experiments gave quite different mass measurements of D * 0 (2400), we will discuss the decay of D * 0 (2400) dependent on its mass by taking a mass range (2290 ∼ 2350) MeV. D * 0 (2400) as P-wave state with J P = 0 + is supported by the theoretical work [4, 5, 8, 41] . The TPS Collaboration observed the charmed meson with M = 2459 ± 3MeV and Γ = 20 ± 10 ± 5 in the invariant mass spectrum of D + π − [24] , which shows that this meson has either J P = 0 + or J P = 2 + . This observation was confirmed by the ARGUS Collaboration in the D + π − channel, and the corresponding angular momentum analysis suggests the J P = 2 + assignment to this state [26] . Thus, this resonance is named D * 2 (2460). Later, the CLEO Collaboration again confirmed the existence of D * 2 (2460), where it has mass M = 2461 ± 3 ± 1MeV and width Γ = 20 + 9+ 9 −10+12 MeV. In addition, the ratio B(D *
(2460)
was measured as well in Ref. [27] , which is consistent with the theoretical calculations in Refs. [4, 5, 10, [41] [42] [43] [44] . In recent years, many other experiments have reported D [2, 25, 28-31, 33-37, 39, 40, 45] . The above experimental information indicates that there are two charmed mesons with J P = 1 + . In the heavy quark limit The D(2550) was observed by the BaBar Collaboration, which has the mass M = 2539.4 ± 4.5 ± 6.8 MeV and width Γ = 130 ± 12 ± 13 MeV [2] . D(2550) is suggested to be a candidate for D(2 1 S 0 ) by the helicity distributions analysis [2] . In 2013, an unnatural state D J (2580) was found in the D * π invariant mass spectrum by the LHCb Collaboration through the process pp → DπX [3] . Since the resonance parame- The mass of D(2550) or D J (2580) is consistent with the theoretical prediction of D(2 1 S 0 ) in Ref. [13] . In addition, the decay width of D(2 1 S 0 ) was calculated by the QPC model [46] , which is close to the lower limit of experimental width of D(2550)/D J (2580). In addition, the theoretical studies presented in Refs. [49, 50] further show that D(2550) can be D(2 1 S 0 ), which is the first radial excitation of D mesons. However, the authors in Ref. [5, [51] [52] [53] indicated that the theoretical total width of D(2 1 S 0 ) is far below the experimental data of D(2550).
The BaBar Collaboration reported a resonance D * (2600) with mass M = 2608.7 ± 2.4 ± 2.5 MeV and width Γ = 93 ± 6 ± 13 MeV, which is regarded as a radial excitation of D * by the helicity distribution analysis [2] and they also measured the ratio [2] 
A natural state D * J (2650) was found in the D * π invariant mass spectrum by the LHCb collaboration through the process pp → D * πX [3] , where D * J (2650) is tentatively identified as a J P = 1 − state (a radial excitation of D * ). Therefore, D * J (2650) [3] and D * (2600) [2] are the same state. In Ref. [54] , they predicted that a mass of D(2 3 S 1 ) is 2620 MeV via the constituent quark model, which is in good agreement with the experimental mass of D * (2600). Moreover, the ratio Γ(D(2
was predicted via the relativistic chiral quark model [4] , which is close to the upper limit of Eq. (2). In Ref. [5] [2] , which can be assigned to be a D-wave charmed meson since its mass is consistent with the theoretical prediction in Ref. [13] . Later, LHCb announced the observation of a natural state D * J (2760) with mass M = 2761.1 ± 5.1 ± 6.5 MeV and width Γ = 74.4 ± 3.4 ± 37.0 MeV. Both D * (2760) and D * J (2760) can be regarded as the same state since these two states have the similar widths and masses [57] .
Comparison between the prediction in the Ref. [5] [52] , which is also supported by the following works [51, 53, 55, 58] .
Besides D * (2760), another state D(2750) was also observed by the BaBar Collaboration in the D * π mass spectrum, where its mass and width are M = 2752.4 ± 1.7 ± 2.7 MeV and Γ = 71 ± 6 ± 11 MeV, respectively [2] . Although D(2750) can be a good candidate of a D-wave charmed meson according to the mass spectrum analysis in Ref. [13] , the analysis of helicity distribution of D (2750) 
As an unnatural state, D J (2740) was found by the LHCb Collaboration, which has mass M = 2737.0 ± 3.5 ± 11. The LHCb Collaboration observed the unnatural state D J (3000) in the D * π invariant mass spectrum [3] , where its resonance parameters are M = 2971.8 ± 8.7 MeV, Γ = 188.1 ± 44.8 MeV.
Then, different theoretical groups carried out the study of D J (3000). In Ref. [59] , D J (3000) is regard as the first radial excitation of D 1 (2430), which was also confirmed by Ref. [56, 60] . However, other possible assignments to D J (3000) were proposed, i.e., the D(3 1 S 0 ) [50] and D(3 + ) [56] assignments.
A natural state D * J (3000) was also reported by LHCb in the Dπ invariant mass spectrum [3] , which has M = 3008.1 ± 4.0 MeV, Γ = 110.5 ± 11.5 MeV.
The D * J (3000) was explained differently as D(2 [50, 56, 60] .
Until now, there have been so many observations of charmed mesons. It is a suitable time to carry out a systematical study of higher radial and orbital excitations in the charmed meson family by combining these experimental informations with theoretical results. In the following sections, we focus on this interesting research topic by performing the analysis of mass spectrum and calculation of the strong decay behaviors.
III. MASS SPECTRUM
For heavy-light meson systems, we need to adopt a relativistic quark model to study their mass spectrum since a relativistic effect for a heavy-light meson system is significant. The Godfrey-Isgur (GI) model proposed by Godfrey and Isgur can well describe the meson spectrum [13] , which is a typical quenched quark model. After the discovery of D s0 (2317) [61] [62] [63] [64] , D s1 (2460) [62] [63] [64] [65] and X(3872) [66] , theorists realized that it is necessary to take into account coupled channel effects, especially for higher radial and orbital excitations of hadrons [67] [68] [69] [70] , where the coupled channel effects may change the meson spectrum. This motivates us to modify the GI model by considering the coupled channel effects.
In general, spontaneous creation of light quark-antiquark pairs inside a meson can soften a linear confinement potential br by screening a color charge at distances greater than about one fermi [15] , which is known as the screening effect. The screening effect has been proven by the unquenched Lattice QCD and holographic models [71] [72] [73] . The mass suppression can be caused by both the screening effect and coupled channel effect. Although the screening effect can be almost equivalent description of the coupled channel effect, we need to emphasize that the screening effect cannot depict the nearthreshold effect as the coupled channel effect does [74] .
In Refs. [12, 75, 76] , the screening effect was taken into account when studying the mass spectra of light mesons, charmonia and charmed-strange mesons. Mezzoir et al. provide description of a highly excited light-quark meson spectrum by flattening the confining potential br at distances greater than r s [75] . The screened potential model [77, 78] was adopted to compute the charmonium spectrum [76] . In our recent work [12] , the screening effect was introduced to modify the GI model, where the mass spectrum of charmed-strange meson family with this treatment is greatly improved compared with the results of the GI model. As a sister work of Ref. [12] , the present work focuses on the charmed mesons applying the modified GI model [12] to obtain their mass spectrum.
In order to take account of the screening effect in the GI model, the confining potential br is replaced with [77, 78] 
where V scr (r) behaves like br at short distances and constant b/µ at large distances. Furthermore, the smearing function is introduced to take into account nonlocality property of potentials [13] , i.e.,
The detailed explanation of how to introduce the screening effect into the GI model can be found in Ref. [12] . The mass spectrum of charmed mesons are calculated in the GI model and the modified GI model, which is shown in Table  II . Here, all the parameters of the modified GI model are the same as those of the GI model [13] except for the additional parameter µ inṼ scr (r). In our work, we take several values of µ, 0.01 GeV, 0.02 GeV, 0.03 GeV, and 0.04 GeV. Our result shows that the obtained masses of charmed mesons with µ = 0.03 GeV can well reproducce the corresponding experimental data 1 , where adoption of the modified GI model can improve description of the charmed meson mass spectrum compared with the GI model (see Table III for more details). 1 In order to choose the suitable value of µ, in Table III we compare the theoretical results with experimental data by listing χ 2 values, where the concrete expression for χ 2 is
A Th (i) and A Exp (i) are theoretical and experimental data, respectively. Error(i) denotes the experimental error of the mass of a charmed meson. Among four χ 2 values corresponding to four µ values, there is a minimum of χ 2 when µ 2 = 0.3 GeV. In Table I In order to definitely identify the properties of the observed charmed mesons, we need to perform a systematic study of their decay behaviors, which is the main task in the next section.
D(2750)/D J (2740) is a good candidate of D(1D
2 ), while D * (2760)/D * J (2760) corresponds D(1 3 D 1 ) or D(1 3 D 3 ).
IV. STRONG DECAY BEHAVIORS
Studying the two-body Okubo-Zweig-Iizuka (OZI) allowed strong decay behaviors of the observed and the predicted charmed mesons can provide abundant information of the features of the charmed mesons under discussion, which includes total and partial decay widths. What is more important is that the inner structure of the observed charmed mesons given by the mass spectrum analysis in Sect. III can be further tested here.
As an effective approach to study the OZI allowed strong decay of hadrons, the quarks pair creation (QPC) model is applied to compute the OZI-allowed strong decays of charmed mesons, which was first proposed by Micu [16] , then was further developed by the Orsay group [17] [18] [19] [20] [21] [22] . Here, a meson decay occurs through a flavor and color singlet quark-antiquark pair created from the vacuum. To depict apair creation from the vacuum, the transition operator T is introduced as,
1m; 1 − m|00 dp 3 dp 4 δ 3 (p 3 + p 4 )
where γ is a dimensionless constant which reflects the strength of creation of a quark-antiquark pair from the vacuum. In Ref. [79] , γ = 8.7 is obtained for the uu/dd pair creation by fitting with the experimental data, while γ = 8.7/ √ 3 for the ss pair creation [17] . p 3 The transition matrix of a process A → BC can be expressed as
where p B and p C are the momenta of mesons B and C, respectively. |A , |B and |C denote mock states [80] . The mock state of a meson A can be defined as
A dp 1 dp 2 δ 
Therefore, the total decay width can be expressed as
After this brief introduction of the QPC model, in the following we perform a phenomenological analysis of charmed mesons. When calculating a decay width, we adopt the numerical wave function for a charmed meson calculated in this work and the one for charmed-strange meson from Ref. [12] . Additionally, we still employ the simple harmonic oscillator wave function for light mesons such as π and K, where the corresponding β values are taken from Ref. [41] . We need to emphasize that the mass is taken from PDG [1] for the observed meson. For the charmed mesons which are still missing, we use the theoretical predictions calculated in the modified GI model (the results listed in Table. II or Fig. 1 ) as an input. [32] . The mass range of D * 0 (2400) is 2920 ∼ 2350 MeV.
1P states
As the 1 3 P 0 state, D * 0 (2400) has been observed by three different experiments. However, the experimental masses are quite different from each other as shown in Table I . Therefore, in this work we take the mass range (2.29 ∼ 2.35 GeV) of D * 0 (2400) to discuss a mass-dependence of the calculated decay width. Here, D * 0 (2400) only decays into Dπ. In Fig.  2 , we present the mass-dependence of the decay width of D * 0 (2400). We find that our result is consistent with experimental data Γ = 276 ± 21 ± 63 [32] , Γ = 240 ± 55 ± 59 [39] , and Γ = 273 ± 12 ± 48 [40] .
In the following, we study D 1 (2420) and D 1 (2430), which are mixtures of the 1 1 P 1 and 1 3 P 1 states. D 1 (2420) and
where the mixing angle is θ 1P = −54.7 • which is determined by the heavy quark limit [41, 82, 83] .
The width of D 1 (2420) (Γ = 70 ± 21) was first measured by the ARGUS Collaboration [23] . However, different experiments provided different widths as Γ = 13 ± 6 +10 −5 MeV [25] , Γ = 23 +8+10 −6−3 MeV [27] , and Γ = 21±5±8 MeV [33] . Here, we take the middle value as the width, i.e., the measurement Γ = 21±5±8 MeV from the Belle Collaboration [33] . D 1 (2430) is a broad state, which has the width Γ = 384 +107 −75 ±75 MeV given by Belle [32] and Γ = 266 ± 96 MeV by BaBar [38] . Both D 1 (2430) and D 1 (2420) only decay into Dπ. In Fig. 3 , we show the decay widths of D 1 (2430) and D 1 (2420) dependent on the mixing angle θ 1P , where our results are consistent with the experimental data when taking −45.6
• < θ 1P < −37.2 • , which is close to θ 1P = −54. [32] . Our theoretical width is consistent with the TPS data [24] and the CLEO data [27] . Furthermore, our ratio is in good agreement with experimental values B( [27] and B(D + π − )/B(D * + π − ) = 1.9 ± 0.5 [32] measured by CLEO and Belle, respectively. D * π channel. Additionally, the obtained total width is 71.65 MeV which is comparable with the lower limit of the BaBar data [2] and is smaller than the LHCb data [3] . Due to this situation, we also suggest more precise measurement of the resonance parameters of D (2550) • < θ S D < 1.8
• , the theoretical ratio is consistent with the BaBar measurement of Eq. (2). The obtained total width is about 60 MeV which is comparable to the experimental data Γ = 93 ± 6 ± 13 MeV [2] . We also find that the main decay modes of D * (2600) is Dπ (9 ∼ 15 MeV) and D * π (32 ∼ 38 MeV), which also explains why D * (2600) was first reported in these two decay channels [2] . We need to stress that the small mixing angle θ S D is due to the obvious, large mass difference between D * (2600) and its partner D * (2760), which is consistent with the suggestion in Ref. [13] .
As the D-wave charmed meson with J
state, which satisfies the following relation where θ 1D is the mixing angle which can be fixed as θ 1D = −50.8 • = − arcsin( √ 3/5) in the heavy quark limit [41, 82, 84] .
The decay modes of 1D(2
, the mixing angle dependence of the corresponding partial and total decay widths is given in Fig. 5 . Here the calculated total width is consistent with a central value of the experimental data when taking θ 1D = −50.8
• predicted by the heavy quark limit [41, 82, 84] , which is included in the range −73.8
• < θ 1D < −35.7 • in Fig. 5 .07 MeV, respectively, both of which deviate from the experimental data, Γ = 60.9 ± 5.1 ± 3.6 [2] and Γ = 74.4 ± 3.4 ± 37.0 MeV [3] . This is the obstacle for the D(1 
is also predicted.
3S states
The mass spectrum analysis suggests the D(3 1 S 0 ) assignment of D J (3000) (see the discussion in Sect. III). Under this assignment, we present the decay behaviors of D J (3000) in Table VI . Here, its total width is 90.28 MeV which is comparable to the lower limit of the experimental data Γ = The calculated partial and total decay widths of D * J (3000) and D J (3000) with several possible assignments. If a decay channel is forbidden, we mark it by "-". All mixing angles are given in the heavy quark limit and all values are in units of MeV. 
which can be tested in future.
1F states
There exist four 1F states in the charmed meson family. In Table VI F 2 ) . Here, the ratio 
where the mixing angle θ 1F can be fixed as θ 1F = −49.1 • = − arcsin(2/ √ 7) in the heavy quark limit [41, 82] F 4 ) . We also give extra information of the typical ratio, i.e.,
although these are not main decay modes.
2P states
In the following, we discuss whether D J (3000) and D * J (3000) can be categorized into the 2P states. In Table VI 
with a mixing angle θ 2P , where we take θ 2P = θ 1P = −54.7
• [41, 82] to list the numerical results of the decay widths of Table VI , where Dρ and D 1 (2430)π are the main decay modes and the total width is 68.89 MeV which is comparable to the lower limit of experimental measurement Γ = 110.5 ± 11.5 MeV [3] released by the LHCb Collaboration. However, the decay width of D(2 3 P 2 ) → Dπ is a subordinate decay channel, which just contributes 2% to the total decay width. Accordingly, we conclude that D * J (3000) is not a good candidate of the D(2 3 P 2 ) state. In Table VI , we predict abundant information of decay behaviors of the 2P states in the charmed meson family, which provides valuable hint to search for the missing 2P charmed mesons and to test these meson assignments to D * J (3000) and D J (3000). 
The charmed mesons, D(2D(2 − )) and D(2D ′ (2 − )), satisfy the following relation
where θ 2D is the mixing angle, which in the heavy quark limit we can fix as θ 2D = −50. 
which can be tested in future experiments.
V. SUMMARY
With observation of charmed mesons shown in Table I , the charmed meson family has become more and more abundant, which has stimulated us with our great interest to perform a more systematic phenomenological analysis of higher radial and orbital excitations in the charmed meson family.
In the present work we have done two major tasks. Firstly, a mass spectrum analysis has been given by adopting the modified GI model, where the screening effect is taken into account. Secondly, the OZI-allowed two-body strong decays of charmed mesons under discussion have been obtained via the QPC model.
In this work, we have revealed the underlying structures of the observed charmed states D(2550), D * (2600), D(2750), 
3000). Additionally, we have provided more abundant their properties including some typical decay ratios and partial decay widths, which is critical to test the possible assignments of charmed mesons.
In the following years, exploration of higher radial and orbital excitations in the charmed meson family will be one of the main projects in Belle, LHCb, and forthcoming BelleII. In this work, we have also predicted some missing charmed mesons, where their masses and decay behaviors have been provided. This information is helpful for experimental study of the missing states in the charmed meson family. We also expect more experimental observations of charmed mesons in future.
